Ocean acidification is predicted to impact all areas of the oceans and affect a diversity of marine organisms. However, the diversity of responses among species prevents clear predictions about the impact of acidification at the ecosystem level. Here, we used shallow water CO 2 vents in the Mediterranean Sea as a model system to examine emergent ecosystem responses to ocean acidification in rocky reef communities. We assessed in situ benthic invertebrate communities in three distinct pH zones (ambient, low, and extreme low), which differed in both the mean and variability of seawater pH along a continuous gradient. We found fewer taxa, reduced taxonomic evenness, and lower biomass in the extreme low pH zones. However, the number of individuals did not differ among pH zones, suggesting that there is density compensation through population blooms of small acidificationtolerant taxa. Furthermore, the trophic structure of the invertebrate community shifted to fewer trophic groups and dominance by generalists in extreme low pH, suggesting that there may be a simplification of food webs with ocean acidification. Despite high variation in individual species' responses, our findings indicate that ocean acidification decreases the diversity, biomass, and trophic complexity of benthic marine communities. These results suggest that a loss of biodiversity and ecosystem function is expected under extreme acidification scenarios.
Ocean acidification is predicted to impact all areas of the oceans and affect a diversity of marine organisms. However, the diversity of responses among species prevents clear predictions about the impact of acidification at the ecosystem level. Here, we used shallow water CO 2 vents in the Mediterranean Sea as a model system to examine emergent ecosystem responses to ocean acidification in rocky reef communities. We assessed in situ benthic invertebrate communities in three distinct pH zones (ambient, low, and extreme low), which differed in both the mean and variability of seawater pH along a continuous gradient. We found fewer taxa, reduced taxonomic evenness, and lower biomass in the extreme low pH zones. However, the number of individuals did not differ among pH zones, suggesting that there is density compensation through population blooms of small acidificationtolerant taxa. Furthermore, the trophic structure of the invertebrate community shifted to fewer trophic groups and dominance by generalists in extreme low pH, suggesting that there may be a simplification of food webs with ocean acidification. Despite high variation in individual species' responses, our findings indicate that ocean acidification decreases the diversity, biomass, and trophic complexity of benthic marine communities. These results suggest that a loss of biodiversity and ecosystem function is expected under extreme acidification scenarios.
global change | natural gradient | emergent effects U nderstanding how accelerating environmental change will affect biodiversity and ecosystem function is crucial for effective management (1) . Environmental change can cause a restructuring of ecological communities and a reduction of ecosystem function through the loss of stress-intolerant species (2) . Variation in sensitivity to environmental change could potentially buffer the effects of species loss on ecosystems through compensatory dynamics among functionally similar species (3) (4) (5) . However, compensation is much less likely to stabilize ecosystem function if numerous species have similar responses to the environmental change (6) . In such cases, entire functional groups may be affected negatively by environmental stress (7) .
Increased anthropogenic CO 2 is predicted to be a major driver of environmental change in the coming century in both terrestrial and marine ecosystems (8, 9) . Large variation among species has been documented in biological responses to CO 2 -induced ocean acidification in marine ecosystems (10, 11) . However, many organisms that build calcareous structures have shown reduced calcification, growth, and survival (10, 12, 13) , suggesting that a wide diversity of species with calcified structures may respond similarly to ocean acidification. To date, most studies of acidification effects have been conducted on a species by species basis. To better understand the potential for ecological shifts and compensation among species (14) to stabilize ecosystem function, we need to examine the responses of multispecies assemblages to ocean acidification.
The ecosystem surrounding near shore volcanic CO 2 vents in the Mediterranean Sea is a primary example of a naturally acidified marine ecosystem (15) that is not confounded with other environmental factors such as temperature or upwelling (16, 17) . The vents are caused by a subterranean source of CO 2 and other trace gases (no sulfur) that are bubbled into a shallow stretch of coastal ocean with sloping rocky reefs (18) . Shallow rocky reef communities are exposed to increased acidification with natural temporal fluctuations (15) . This variability in carbonate chemistry allows for an examination of the ecosystem effects of decreasing pH conditions, such as those effects predicted at the close of this century (19) . Previous studies at these CO 2 vents found decreased abundances of conspicuous calcifying taxa in the reduced pH environments (15) ; however, the effects of the decreased abundance of calcifying taxa on community structure and ecosystem properties were not considered.
Here, we examine changes of a multispecies assemblage of marine invertebrates in the face of varying ocean acidification. Specifically, we ask three questions. (i) Does community composition and structure of mobile invertebrates change with ocean acidification? (ii) Is there evidence for density compensation among taxa? (iii) Does density compensation lead to compensation in aggregate invertebrate biomass and trophic structure? In contrast to previous studies at the vent site (15), we focus on an entire assemblage rather than selected focal taxa. The results of our analyses indicate that there is an absence of numerous taxa in extreme low pH, compensated for by increased abundances of acidification-tolerant taxa (primarily crustaceans). However, we found a corresponding decrease in the aggregate invertebrate biomass and a simplification of the trophic structure in extreme low pH conditions, suggesting that density compensation among tolerant taxa does not fully buffer against changes in ecosystem properties and function.
Results
Carbonate Chemistry Associated with CO 2 Vents. Submarine CO 2 vents occur at 0.5-3 m depth at sites on the northern and southern sides of a small island (Castello Aragonese d'Ischia: 40°43.84 N, 13°57.08 E) directly adjacent to steep, rocky reefs. Water samples and in situ monitoring of seawater pH confirmed three distinct carbonate chemistry zones associated with vent activity, with reduced mean pH and increased temporal variability associated with vent activity ( Fig. 1 and Table 1 ). Although the variability in pH is similar among low and extreme low pH zones, the variability in concentration of hydrogen ions (and other carbonate parameters) is much higher in the extreme low pH zones because of the logarithmic scale of pH. Reductions in seawater pH were driven by increased dissolved inorganic carbon (DIC) concentrations at relatively constant total alkalinities (TA), temperatures, and salinities across zones and sites, which also caused reductions in aragonite and calcite saturation states ( Table 2 ). Deployment of two sensors at either end of the southern low pH zone suggests that pH values are correlated within pH zones (r 213 = 0.72, P < 0.001) (Fig. S1 ). This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: kkroeker@stanford.edu.
Continuous monitoring of seawater pH allowed us to quantify the temporal variability in pH to more fully characterize the chemical environments surrounding the benthic communities. In the low pH zones in the north and south sites, 47% and 32% of the hourly pH measurements were below 7.8 (the predicted average global sea surface pH value for the year 2100) (20) , respectively, whereas ∼91% and 93% of the measurements were below 7.8 in the extreme low pH zones, respectively. We also quantified the number of extreme events (defined here as a pH value of 0.4 units less than the monthly mean pH). This statistic was developed to reflect physiological extremes rather than statistical extremes. We chose a 0.4-pH reduction to define an extreme event based on numerous studies reporting detrimental biological effects at this level (11) , and similar conclusions derive from setting higher or lower cutoffs. The number and average length of these extreme events increased in the low and extreme low pH zones (Table 3) .
Invertebrate Communities. Over 15,000 individual invertebrates representing 82 taxonomic families were collected from the rocky reef benthic communities surrounding CO 2 vents. The invertebrates collected included crustaceans (amphipods, decapods, isopods, and tanaids), echinoderms, mollusks (bivalves and gastropods), polychaetes, and sipunculids. Individuals were classified to the lowest taxonomic group feasible (59% were classified to species) (Table S1 ), hereafter termed the operational taxonomic unit (OTU).
The community composition, defined as the OTUs present/ absent, differed significantly between the extreme low and ambient pH communities at both sites, but it differed in the extreme low and low pH communities only at the southern site [Permutational Multivariate Analysis of Variance (PERMANOVA) site × pH: pseudo-f 2,23 = 1.88, P = 0.006] (Tables 2 and 3 and Fig. S1 ). We did not detect a significant difference in the community composition between the low and ambient pH communities at either site, but the results were near significance in both cases (P = 0.057-0.059) ( Table 3) . Numerous taxa were absent in the extreme low pH zones. After rare taxa were removed from the analysis (defined as OTUs present in less than four samples, which accounted for less than 3% of the total number of individuals in those samples), 6% and 31% of the OTUs found in samples from the ambient pH zones were absent in all samples from the low and extreme low pH zones, respectively. Heavily calcified organisms (primarily gastropods, bivalves, and serpulid polychaetes) accounted for 39% of the OTUs absent in extreme low pH, and decapod crustaceans account for another 22%. All of the common OTUs found in the extreme low pH zone samples were also found in the low or ambient pH zones.
The community structure, defined as the relative abundance of individuals within each OTU present in the sample, also varied significantly between sites and pH zones (PERMANOVA site × pH: pseudo-f 2,23 = 1.58, P = 0.03) ( Tables 2 and 3 and Fig. S2 ). The community structure followed the patterns found in the community composition, with significant differences between extreme low and ambient pH communities and near significant differences between low and ambient pH communities (P = 0.054-0.057). Abundances of heavily calcified taxa were similar between samples in the low and ambient pH zones but were greatly reduced in extreme low pH zones (Fig. 2) , with the exception of juveniles from the family Mytilidae, which were found in high abundance in two samples in the extreme low pH zones. Conversely, the highest abundances of some taxa (i.e., amphipods, tanaids, and some polychaetes) were in samples from the Statistics are mean ± SD. CV, coefficient of variation.
extreme low pH zones (Fig. 2) . Although there was variation in the response of OTUs within taxonomic classes, some generalities were observed (Table 4) . Numerous amphipod OTUs increased in abundance (26%) or did not show a strong response to reduced pH (26%), whereas the abundance of numerous gastropod OTUs was unaffected in low pH and greatly reduced in extreme low pH (26%) ( Table 4) . Furthermore, the abundances of all of the common decapod OTUs were reduced in extreme low pH. The variation in responses of OTUs within other taxonomic classes was more pronounced. The number of taxa (OTUs) and the evenness of these taxa (using Pielou's J, which is defined as the ratio of the actual Shannon-Weiner diversity index to the Shannon-Weiner diversity index if all species were equally abundant in the community) were reduced in extreme low pH zones (richness ANOVA: f 2,18 = 16.35, P = 0.0001; evenness Kruskal-Wallis test: χ 2 = 8.30, df = 2, P = 0.02) ( Fig. 3 and Table 4 ). However, the mean number of individuals did not differ between sites or pH zones (ANOVA: f 2,18 = 0.31, P = 0.7) because of density compensation by amphipods, tanaids, and some polychaetes at low and extreme low pH. However, the aggregate invertebrate biomass was significantly reduced in the extreme low pH zones (Kruskal-Wallis test: χ 2 = 13.38, df = 2, P = 0.001). The reduction in biomass was primarily caused by the absence of heavily calcified, high biomass taxa (gastropods, bivalves, and serpulid polychaetes) in the extreme low pH zones (Fig. 4) . Furthermore, we found significant differences in the trophic structure of the community in ambient and extreme low pH zones (PERMANOVA pH: pseudo-f 2,23 = 5.84, P = 0.003) ( Table 2 ). There was a simplification of the trophic structure in extreme low pH, with carnivores and scavengers rare or absent in extreme low pH, a marked decrease in herbivores, and a corresponding increase of detritivores and omnivores (Fig. 5 ).
Discussion
Our results highlight divergent and compensatory biological responses to ocean acidification. Invertebrate taxonomic richness was reduced in extreme low pH zones primarily because of the absence of mollusks and decapods, which is consistent with previous studies at the vents that found a reduction in key calcifying species in reduced pH zones (15, 20) . Conversely, we found that some crustaceans and polychaetes exhibited their highest densities in the extreme low pH zones, which resulted in similar densities of invertebrates across pH zones. Increased dominance by a few species under conditions of acidification also resulted in lower taxonomic evenness in the extreme low pH zones. Despite this increase in dominance, the changes in community structure were not driven by a few tolerant species, and some generalities in responses were apparent among broad taxonomic classes. The abundance of numerous amphipod genera increased or did not change in extreme low pH, whereas many mollusks exhibited no change in abundance in low pH and were absent in extreme low pH. Building on the previous study of benthic invertebrate abundance at the vent site (15), our results highlight compensatory changes in an entire assemblage of benthic invertebrates.
Although high tolerance among some crustaceans is predicted because of their internal acid-base regulation and low degree of calcification (10, 21) , a compensatory increase in the abundance of some amphipods and tanaids could be caused by competitive release or decreased predation rates (22) . Although the exact prey of many of the carnivores studied here is unknown, it is possible that some of the carnivorous polychaetes that suffered reductions in abundance in low and extreme low pH zones prey Values are means (± SD). Parameters in bold were measured from discrete water samples. Parameters in italics were measured with in situ sensors. The values from in situ sensors represent the means of hourly measurements from multiple sensor deployments (Table 1) . Parameters in plain text were calculated by applying the salinity and TA values shown in bold to the hourly temperature and pH measurements. DIC measurements were used to calibrate the initial pH measurements and were not used in the calculations of other parameters. on amphipods and tanaids. Alternatively, the response of the tolerant crustaceans could be driven by interactions with macroalgae. Previous studies found that, although the percent cover of calcified algae decreases in extreme low pH zones, the percent cover of fleshy macroalgae increases (15, 23) . Because of the association between small crustaceans and algal turfs and canopies, the increased abundance of small crustaceans in extreme low pH zones could be because of increased availability of habitat and food associated with changes in the percent cover of fleshy macroalgae. Manipulative field experiments are needed to elucidate which of these mechanisms underlies community reorganization under acidified conditions.
Despite density compensation among invertebrates, aggregate invertebrate biomass was reduced in extreme low pH zones.
Mollusks contribute approximately one-half of the aggregate invertebrate biomass in the ambient pH zone samples, and the effect of their absence on biomass was not offset by the increased abundance of small-bodied, low-biomass crustacean and polychaete species. These results suggest that density compensation in this system does not stabilize biomass, because a diverse group of taxa responded similarly to acidification (6) . Aggregate community biomass is an important ecosystem property linked with ecosystem functions such as nutrient and energy flux (7, 8, 24) . The reduction in aggregate invertebrate biomass could indicate a reduction in energy transfer from primary producers to higher trophic levels with acidification. Although our biomass estimates include metabolically inactive calcified tissue that is not used by consumers, the calcified tissue is energetically costly for the invertebrates to produce and represents past metabolic activity (25) . Although a reduction in the energy used to build unpalatable shells could increase the efficiency of energy transfer from primary producers to secondary consumers, it is unclear if this efficiency offsets the general reduction in herbivore abundance in extreme low pH. A reduction in energy transfer among trophic levels could be exacerbated by the simplification of the trophic structure in acidified conditions, which could decrease the efficiency of energy transfer among trophic levels.
On average, the pH values in the extreme low pH zones are lower and more variable than model projections for the near future (i.e., 2100) (19) . Instead, this experiment's extreme low pH zones approximate the most extreme acidification scenarios for the year 2300 (26) . However, most projections for acidification are from global models that do not characterize small-scale variability in pH. Monitoring in near shore ecosystems suggests that organisms will be exposed to pH values more extreme and variable than those values predicted by global models (14, 27, 28) . The extreme low zones that we used in this experiment are, therefore, useful for defining a range of responses to potential acidification scenarios. In contrast, the mean pH values in the low pH zones are directly comparable with projections for near future acidification. Variability in pH in the low pH zones is comparable with the degree of natural variation observed in other systems. For example, fluctuations of 0.72 and 0.67 pH units have been measured over short time frames near coral reefs (29) and in eastern boundary upwelling zones (30), respectively. Thus, the low pH zones may lend insight into the impacts of near future acidification in near shore environments.
Most taxa found in ambient pH zones were also present in low pH zones, although the mean pH in the low zones was comparable with the mean pH of laboratory studies reporting reduced physiological processes (10). Although we cannot infer causality in this observational study, it is possible that the natural variability in carbonate chemistry in this system could drive higher tolerance by rescue of physiological processes at transiently high pH. Repeated exposure to low pH could also support adaptation or acclimation to acidification. As our understanding of the The responses to reduced pH are split into five categories: A, a gradual decrease in abundance from ambient to extreme low pH; B, a sudden decrease in abundance in low or extreme low pH (i.e., a threshold response); C, no trend in the abundance; D, increased abundance from ambient to extreme low pH; E, the taxa were too rare to illustrate a trend. The number of OTUs is indicated, and the proportion is given in parentheses.
natural variability of pH in other ecosystems grows, it will be useful to compare the variability in those ecosystems with the variability of the vents.
The abrupt declines in ecosystem properties in the extreme low pH zones suggest that the ecosystem impacts of acidification could be nonlinear (30) . If ecosystems have an acidification threshold, then the ecosystem responses to global ocean acidification may be sudden. Abrupt ecological shifts are often difficult to predict but are associated with reduced ecological resilience (31) . If the ecosystem impacts of acidification are driven by threshold dynamics, monitoring marine ecosystems for indicators of reduced resilience (including slower recovery rates) as acidification progresses will be important for ecosystem management.
The community changes in the reduced pH zones do not capture acidification's effects on the reproductive success of some species. Acidification could cause tradeoffs in energy allocation between maintenance and reproduction that could reduce reproductive output and affect community structure/function. Unlike global ocean acidification, the vent communities are open to larvae from nonacidified source populations. However, for invertebrates that are direct developers, such as amphipods, tanaids, and sabellid and syllid (Exogoninae) polychaetes, all life stages are exposed to the same environmental conditions. Therefore, the effect of acidification on the reproductive success of these taxa is captured in the community changes at the vents.
Because of rapid environmental change worldwide, there is considerable interest in how species loss and altered communities will affect ecosystem function. Our study builds on previous field studies of responses of individual taxa (15) , community structure (14) , and larval settlement (22) to illustrate how the relative abundances of various taxa affect ecosystem properties under conditions of ocean acidification. Our results suggest that divergent and compensatory responses of marine species to extreme ocean acidification do not offset the effects on aggregate biomass or trophic structure, and they suggest that acidification will likely affect ecosystem function and the services that ecosystems provide.
Methods
The submarine CO 2 vents occur at 0.5-3.0 m depth on the sides of a small island directly adjacent to steep, rocky reefs. We followed the designation of pH zones used by Hall-Spencer et al. (15) along continuous 150-m stretches of rocky reefs, moving from areas of high vent activity (extreme low pH zone) to moderate vent activity (low pH zone) to no visible vent activity (ambient pH zone) in both the northern and southern sites. Each zone was 20 m in length and was separated from the next zone by at least 20-25 m. Vent activity was sampled by counting the number of vents in randomly placed 1-m 2 quadrants along a 20-m transect (n = 9).
To quantify variation in pH among the three zones, we used in situ modified Honeywell Durafet pH sensors (32) to record pH and temperature hourly. One sensor was deployed in each of the three experimental zones in the southern site from May 12 to June 14, 2010, and one sensor was deployed in each of the three experimental zones in the northern site from September 13 to October 8, 2010. Two sensors were deployed in the southern site for two additional time series (Table 2) . One sensor was deployed in a control site over 3 km away from the vent site from October 12 to 21, 2010, and two sensors were deployed at either end of the low pH zone in the southern site during the same period (Fig. S2) . Discrete water samples were collected within 0.25 m of the pH sensors during the initial deployment and retrieval of the sensors using standard operating protocols (33) . Discrete water samples used to apply a vicarious calibration to the sensor were processed for TA using an open cell potentiometric titration, DIC with an automated 5011 CO 2 coulometer (UIC, Inc.), and salinity with a Guildline Autosal salinometer. The measured values were standardized to a certified reference material provided by Andrew Dickson (Scripps Institution of Oceanography, La Jolla, CA). TA and DIC measurements were used to calculate seawater pH T at in situ temperature using the equation constants by Lueker et al. (34) in the program Seacarb v. 2.3.2 (35) , and pH T values were used to calibrate the in situ sensors. Discrete sample measurements were not used to correct for drift in any of the time series, because drift was thought to be smaller than sampling error because of the extreme gradients in pH. Based on replicate bottle samples, sampling error (and hence, sensor accuracy) is estimated to be ∼0.05 pH units. Benthic invertebrates were collected from 20-cm 2 haphazardly selected plots in each experimental zone (n = 4). Two plots were collected within the first 5 m of a designated zone and were at least 3 m apart. The second two plots were collected within the last 5 m of the designated zone and were at least 3 m apart. Plots were 1-1.5 m deep on continuous, rocky substrate ranging from 50°to 85°in orientation from horizontal. Loose materials and mobile invertebrates (<5 cm) were collected using an airlift suction sampler that was placed over the plot for ∼30 s and were funneled into a fine mesh bag (∼150-μm mesh size). The remaining benthos was scraped off the substrate with a chisel. The samples were placed in 4% buffered formalin for 24 h and then transferred to a 70% ethanol solution for storage. A dissecting microscope was used to inspect all of the collected material to separate the invertebrates from the algae. The invertebrates were classified to the lowest taxonomic resolution possible by specialized taxonomists. The biomass was measured as wet weight (after a few minutes on an absorbent paper) for each OTU to 0.001 g. The wet weight included the shells, tests, or tubes for calcifying taxa.
Variation in the mean number of individuals and OTUs among pH zones was tested with two-way crossed ANOVA, with site and pH zone as fixed factors, after tests for normality and homogeneity of variance. We used a Kruskal-Wallis nonparametric test for differences in mean for those comparisons that did not meet the assumptions for normality and equal variance (evenness and biomass). We used Tukey's Honestly Significant Difference (HSD) test for comparisons among pH zones.
Variation in community composition between pH zones and sites was analyzed on a Bray-Curtis (BC) similarity matrix of presence/absence of OTUs, whereas the community structure was analyzed on a BC similarity matrix of fourth root-transformed data of the total abundance of individuals within OTUs. Because our OTUs were heterogeneous (i.e., a mix of family, genus, and species), we reran this analysis on the abundance of individuals within taxonomic families. The results did not differ statistically, and we present the data from the OTU analysis. Variation in trophic structure was analyzed on a BC similarity matrix of fourth root-transformed data. Nonmetric multidimensional scaling plots were built from the similarity matrices, and we used two-way crossed PERMANOVA with 9,999 permutations, with site and pH zone as fixed factors, to test for differences in community composition, community structure, and trophic structure. We used PERMANOVA to run pairwise t tests among pH zones for composition and structure based on permutations of the residuals under a reduced model. We used two-way crossed ANOVA to test for variation in abundance among pH zones for each taxonomic class (α= 0.05) for those taxa that met assumptions of parametric statistics, and we used Kruskal-Wallis tests for the remaining taxa. Trends in the response of OTUs were assessed visually using bar graphs, and they were not tested for statistical significance because of low power and a large number of comparisons.
